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Abstract
Lignification was observed using the phloroglucinol–HCl method and the content of lignin, cellulose, and polyphenol and the activity of related
enzymes were measured during development with the materials of walnut of ‘Zanmei’ and ‘Zhenzhuxiang’. Results showed that lignification oc-
curred at the beginning of June, initially took shape in mid-June and finished in late July. From shell lignification to harvest, the concentrations
of lignin, cellulose, and phenolic content increased before harvest, but phenolic content decreased slightly. The activities of both POD and PAL
decreased and PPO varied somewhat. Correlation analysis showed lignin content to be significantly positively correlated with the cellulose content.
Phenolic content had a significant positive correlation with that of lignin. Phenolic content was positively correlated with cellulose. The activity
of POD had a significant negative correlation with lignin, cellulose, and phenolic content, but it was positively correlated with the activity
of PAL.
Keywords: walnut; shell; lignin; cellulose; PAL; POD; PPO
1. Introduction
In recent years, with the transition from seedling to grafted
varieties in China, the area of thin-shell walnut varieties has also
increased rapidly. However, the problems of naked kernels,
dissilient nuts and stained nuts have become serious in some areas
with extensive cultivation and poor management. Varieties of
Juglans hopeinsis Hu have been cultivated in different prov-
inces in China. These nuts have white tips and colored exteriors,
both of which affect their value. These problems are due to ab-
normal development of the nut shell.
Correlations between structure indices and kernel qualities
were analyzed. Results showed that there are significant corre-
lations among the structural indices, which were also significantly
correlated with kernel quality (Zhao et al., 2007). The tighter
seal grade and the thicker the shell, the lower the strain rate, rate
of dissilient nuts, and rate of wormy nuts, MDA content of oils
in stored walnut kernel and the stronger the antioxidation ca-
pacity of walnut. The results suggested that shell structures should
be taken into account to evaluate the quality of the walnuts. The
indices of shell structure, such as seal grade and thickness, should
receive sufficient attention. More recent studies have shown shell
thickness have a significantly positive correlation with nut fruit
weight, which itself is significantly negatively correlated with
the kernel rate (Arzani et al., 2008). Walnut nut shell structure
is closely related to species, time of harvesting (Zhao et al., 2011),
light (Cui and Guo, 2008) and other factors. Components of
walnut shells were analyzed, and results showed lignin and cel-
lulose to be the major components (Zheng et al., 2006). The lignin
content of shells was closely related to seal grade, mechanical
strength, and the thickness of the shell (Li et al., 2012).
However, the study of walnut shells has focused primarily on
pericarp structure (Xiao et al., 1998; Wu et al., 2005), chemi-
cal composition of the shell, and constituents of lignin (Zheng
et al., 2007). Few studies have evaluated the process of shell de-
velopment. Systematic study of changes in lignin, cellulose,
polyphenol, and the activity of related enzymes during the walnut
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shell development period can provide a theoretical foundation
suitable for revealing the mechanism underlying walnut shell dif-
ferentiation and may facilitate measures to decrease the number
of dissilient nuts.
2. Materials and methods
2.1. Plant material
Plant material was grown in the walnut germplasm nursery
in Zanhuang County in Hebei Province. Two walnut cultivars
(Juglans regia L.) were sampled: ‘Zanmei’ (Zhao et al., 2013a),
a cultivar with a thick nutshell (1.23 mm), and ‘Zhenzhuxiang’
(Wang et al., 2013b), a cultivar with a thin nutshell (0.93 mm).
All samples were from 12-year-old walnut trees grown natu-
rally and fruiting normally. Five trees from each cultivar, which
showed similar growth and no plant pests or diseases, were se-
lected. Samples were collected once every 14 days from May
19 toAugust 19 in 2012, but once a week in the hardcore period.
Fifteen nuts from each cultivar were randomly selected from pe-
ripheral tree-crowns. The lignin, cellulose, and phenolic contents
and the activity of related enzymes were measured in the en-
docarp with three replications.
2.2. Lignin deposition
Lignin was stained with Wiesner reagent. Fruit that was cut
from different sections was treated for 5 min with 2% phloro-
glucinol in 95% ethanol and mounted in 6 mol · L−1 HCl to
indicate the presence of cinnamaldehyde groups in lignin (Alba
et al., 2000).
2.3. Lignin, cellulose, and phenolic contents
Analysis of lignin content was carried out according to the
method described by Li et al. (2006). Cellulose content was de-
termined using the methods described by Xiong et al. (2005).
Phenolic content was determined using the Folin–Ciocalteu
method (Wang et al., 2008).
2.4. PAL, POD, and PPO activities
PAL and POD activities were determined as described by Tao
et al. (2004). PPO activity was assessed using a modified version
of the method described by Wu and Chen (2003): with the same
the extraction, catechol was the reaction substrate (0.1 mol · L−1)
and the absorbance at A420 nm was measured. This was per-
formed three times.
2.5. Statistics
The experiment was arranged with a completely random-
ized design. Each point in time sampled for each variety
comprised three independent replicates. Standard deviation and
correlation analysis were calculated to compare significant treat-
ment effects at the 5% level and regression analysis was conducted
using SPSS and Excel software.
3. Results
3.1. Changes in lignin deposition in the endocarp during the
walnut development period
OnMay 19, the exocarp, mesocarp, and endocarp of ‘Zanmei’
and ‘Zhenzhuxiang’ were not colored, which meant that tissue
cells in the endocarp had not deposited lignin (Fig. 1). On June
2, the diaphragm and endocarp near the top of the fruit ap-
peared light pink dyed by phloroglucinol. Additionally, the color
of ‘Zanmei’was deeper than that of ‘Zhenzhuxiang’, which dem-
onstrated that lignification began in the endocarp and diaphragm
near the upper part of the shell, and the shell of ‘Zanmei’ forms
earlier than that of ‘Zhenzhuxiang’, after which lignin gradu-
ally accumulated. On June 16, the whole endocarp in ‘Zanmei’
and ‘Zhenzhuxiang’ appeared pink, but the color was light and
thin, which indicated that the shells of nuts began to form during
this period, and the shapes of the nuts ceased to change. On June
30, the kernels took shape and the shells became thicker with
deeper color. This suggested that shell had become thick and lignin
accumulated rapidly. The endocarps stopped thickening in both
varieties, which showed shell layer had finished differentiating
by July 20. At this time, the shells of both varieties had become
stained deep pink by phloroglucinol which was the result of the
deposition of large amounts of lignin.
3.2. Changes in lignin content in the endocarp during the walnut
development period
With differentiation of the walnut shell, the lignin content of
the endocarp increased gradually (Fig. 2), which indicated that
lignin precipitated in the differentiation of the walnut shells. The
lignin content of the endocarp increased rapidly from June 2 to
16, and then the fruit entered a stage of endocarp hardening.
Thereafter, the lignin content rose steadily.
The thickness of the walnut shells became stable and ceased
to increase after July 20, but the lignin content did continue to
increase, which demonstrated the rapid deposition of lignin within
the secondary cell wall of the shell.
It is important to note that the moisture content in the endo-
carp remained relatively stable during the early stage of
development, but the water content decreased sharply afterAugust
19, resulting in a rapid increase in the relative amount of lignin
(Fig. 2).
3.3. Changes in cellulose content in the endocarp during the
walnut development period
The trends in cellulose changes were similar to that of lignin
(Fig. 3).With the differentiation of shell cells, the cellulose content
increased rapidly when the endocarp thickened gradually. The
cellulose content in the endocarp of ‘Zanmei’ climbed steadily
from 1.17% to 5.45% from June 2 to August 4. The changes in
cellulose content in the endocarp of ‘Zhenzhuxiang’ reached
5.88% on June 23, after which it was similar to that of ‘Zanmei’.
Shell thickness plateaued after July 20 and cellulose accumu-
lated in the cell, which improved the strength of cells considerably.
A sudden increase in cellulose content in the endocarp was ob-
served on August 19, probably the result of the sharp decline
in moisture content in the endocarp during this period.
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3.4. Changes in phenolic content in the endocarp during the
walnut development period
Phenolics are precursor substances of lignin synthesis, which
are closely connected to the change of lignin content. Changes
in phenolic and lignin contents were the same as during the early
development (Fig. 4), but the changes in ‘Zanmei’ and
‘Zhenzhuxiang’ were slightly different from earlier after June
30. While phenolic content first decreased and then increased,
it happened earlier in ‘Zanmei’ than in ‘Zhenzhuxiang’.
Fig. 1 Lignification of walnut endocarp during different development periods
From left to right, walnuts in the picture are longitudinal section, cross section and longitudinal section of suture line.
Pink areas show lignin deposition.
Fig. 2 Changes in lignin content of walnut husks during different
development periods
Fig. 3 Changes in cellulose content of walnut husks during different
development periods
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3.5. Changes in POD activity in the endocarp during the walnut
development period
POD is a major enzyme in the progress of synthesizing lignin,
and it can affect tissue lignification. Previous works (Li et al.,
2012) have shown that POD content decreases with develop-
ment in ‘Zanmei’ endocarp as in ‘Zhenzhuxiang’ endocarps.
During early development, the endocarp has a high level of POD
activity. The activities of ‘Zanmei’ and ‘Zhenzhuxiang’ were
39.23 U · g−1 FW and 46.75 U · g−1 FW respectively on May 19.
It fell visibly within the period of shell induration. Neverthe-
less changes slowed down after June 30 (Fig. 5).
3.6. Changes in PAL activity in the endocarp during the walnut
development period
For the initial enzyme phenylalanine metabolic pathway, PAL
is the key enzyme in lignin synthesis metabolism. Before any
substantial accumulation of lignin takes place, the PAL activ-
ity of both varieties was more than 180 U · g−1 FW, which may
have contributed to the deposition of lignin. With the constant
formation of lignin, secondary cell wall thickening, out of in-
tracellular substances, the activity of PAL decreased. Although
a slight rebound was observed from June 23 to July 20, that ac-
tivity declined thereafter (Fig. 6).
3.7. Changes in PPO activity in the endocarp during the walnut
development period
It is not surprising that PPO played an important role in the
oxidation of phenols that contribute to the formation of lignin
precursors. The activity of PPO remained highly active until phe-
nolic compounds began to accumulate. The activity of PPO
changed slightly within the range of 26.07–55.11 U · g−1 FW
during the formation process of phenolic compounds (Fig. 7).
Those peaks of ‘Zanmei’ and ‘Zhenzhuxiang’ both came on June
30, at 58.37 and 47.68 U · g−1 FW, respectively, which were higher
than on July 20, after which they rebounded somewhat. In par-
ticular, the activities of PPO of ‘Zanmei’ and ‘Zhenzhuxiang’
were 56.79 and 73.24 U · g−1 FW on August 4, respectively.
3.8. Correlations between main components in shells and
changes in related enzyme activity
The correlation between the activity of POD, PAL, and PPO
during fruit development and main components in the shell was
analyzed. Results indicated that POD activity had a very sig-
nificant negative correlation with the contents of phenol, lignin,
and cellulose, which also had a very significant positive corre-
lation with PAL activity. There was a very significant positive
Fig. 4 Changes in phenolic content of walnut husks during different
development periods
Fig. 5 Changes in POD activity of walnut husks during different
development periods
Fig. 6 Changes in PAL activity of walnut husks during different
development periods
Fig. 7 Changes in PPO activity of walnut husks during different
development periods
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correlation between the content of lignin and that of the phe-
nolic compounds and cellulose (Table 1).
4. Discussion
Walnut pericarp is comprised of epicarp, mesocarp, and en-
docarp, better known as the shell. A study by Xiao et al. (1998)
showed that during the later period of fruit development, the en-
docarp changes gradually into a hard lignification layer of stone
cells. The shell differentiation involved the parenchymal cells
of the endocarp changing into stone cells, which itself in-
volved the process of secondary wall deposition of the lignin.
Phloroglucinol staining showed that, during pericarp differen-
tiation, lignin content increased as the shell developed. Previous
studies have shown that the epicarp, mesocarp, and endocarp are
indistinguishable from each other during the early develop-
ment of the pericarp, but during later stages, the endocarp
expanded rapidly and then parenchymal cells differentiated into
stone cells (Xiao et al., 1998; Wu et al., 2005). The research also
showed that lignin was deposited quickly during the later de-
velopment of endocarp which indicated that stone cells had
completed the formation process. The process of shell differ-
entiation can be deduced by the deposition of lignin in the
following manner: lignification of the endocarp began during early
June. The top of the fruit changed first. In mid-June, walnut shells
started to take shape, so the number of layers in the shells in-
creased gradually, as did the amount of lignin deposited. The
number of layers did not increase significantly from late July,
but the cells continued to specialize, and the lignin accumula-
tion lasted until late August. This study showed that the thinner
shell variety ‘Zhenzhuxiang’ and the thicker shell variety ‘Zanmei’
shared the same pattern of endocarp lignin content during the
process of shell development.
Studies have suggested that lignin deposition begins in the
corners of the cells, then in the intercellular space, and then in
the middle lamella, primary wall, and secondary wall. Through
this, adjacent cells formed a shell skeleton (Yin et al., 2004).
Then cellulose, hemicellulose, and lignin filled in the spaces, sup-
porting the skeleton (Takabe et al., 1985). Lignin deposition and
content analysis showed that lignin content continued to in-
crease as the stone cell layers thickened during the early stage.
The mechanical strength of the walnut shell increased. However,
as the cell layers became more stable, most of the lignin accu-
mulated in the secondary cell wall. Changes in the levels of
cellulose were similar to those of lignin, showing an increasing
tendency throughout fruit development. The law of changes in
cellulose in the pericarp of ‘Zanmei’ and ‘Zhenzhuxiang’ were
roughly the same, and the slight difference was in the content
of cellulose in the pericarp of ‘Zhenzhuxiang’, which exhib-
ited a small peak on June 23. Phenolics are a key substrate in
lignin synthesis, and they participate in the formation of lignin
(Campbell and Sederoff, 1996). Liu et al. (2008) found that, during
cold storage, the phenolic content of loquat decreased and the
lignin content increased. This indicated that the phenolics are
an important precursor of lignin synthesis. Studies have shown
a significant correlation between the coumaric acid content of
pears and changes in lignin levels (Wang et al., 2013a). The results
of studies have shown that the early changes in phenolic content
were similar to those of lignin and cellulose. The change in the
concentration of phenolic compounds in the endocarp of ‘Zanmei’
nuts took place slightly earlier than in ‘Zhenzhuxiang’, which
may allow derivation of the regulation of phenolic content of thick-
shelled varieties earlier than thin-shelled varieties. Correlation
analysis showed phenolic content to be significantly correlated
with the content of cellulose and lignin, which further con-
firmed that phenolics are involved in the formation of the walnut
shell and that their accumulation was beneficial to the com-
plete deposition of lignin and the late development of shell
firmness.
The activities of PAL and POD were relatively high during
the early differentiation stage of the development of walnut shells,
after which they gradually decreased. Studies have shown that
the enzyme activities of POD, PAL, and similar enzymes in the
loquat (Zheng et al., 2000) and peach (Cao et al., 2009) in-
crease to a certain level and then cause the accumulation of lignin.
Before lignification of vessel cells, PAL activity is high in the
tracheary element (Nakashima et al., 1997). The results are con-
sistent with the previous studies: higher enzyme activity in the
early development stage of walnut shells was involved in the bio-
synthetic pathway of lignin. The activity of PAL in the endocarp
of ‘Zanmei’ nuts was significantly higher than in ‘Zhenzhuxiang’
nuts, which showed that higher PAL activity increased shell thick-
ness. Walnut shells were mainly stone cells (Xiao et al., 1998)
and the development of stone cell was closely related to pro-
grammed cell death (Zhao et al., 2013b). Analysis showed that,
with the continuous formation of lignin, cell differentiation was
accompanied by programmed cell death. The active substances
in the inner cell were transported out, the enzyme activity de-
creased, and lignin deposition in the secondary wall decreased.
PAL and POD activities decreased slightly during later stages,
but there was an increasing trend in PPO activity. In this way,
lignin deposition shifted from phenolic compounds to lignin later
during development. PPO can oxidize phenolic compounds,
turning the tissue brown; but it can also catalyze phenolic com-
pounds and produce precursor substances needed for lignin
synthesis. Previous studies of mangosteens (Yang et al., 2013)
and bamboo shoots (Wang et al., 2012) showed PPO activity and
lignin content to have a significant positive correlation. The results
of the present work show that, during the development of walnut
endocarp, PPO activity changed slightly and there was no sig-
nificant correlation between changes in PPO activity and walnut
shell components at any point, so PPO must have only a small
Table 1 Analysis of the correlation of the concentrations of the principal
components to the changes in the activity of lignin-related enzymes in
the walnut endocarp
Composition PAL POD PPO Polyphenol Lignin Cellulose
PAL 1.000 0.736** 0.123 0.173 −0.115 −0.202
POD 1.000 0.139 −0.823** −0.944** −0.926**
PPO 1.000 −0.223 0.323 0.233
Polyphenol 1.000 0.640** 0.566*
Lignin 1.000 0.961**
Cellulose 1.000
Note: *Correlations were considered significant at the 0.05 level.
** Correlations were considered significant at the 0.01 level.
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effect on the lignification of walnut shells. Nevertheless, a small
peak appeared in late June, which is a critical period for the shell
formation according to the lignin deposition. The significant
changes in the activity of PPO and the hardening of the shell
require further study. The relationship between cell differentia-
tion within the walnut shell and lignin, whether the programmed
death of regulatory cells solves the problems in the production
of walnut shells, will become the next research objective.
Acknowledgments
This study was supported by Program of Study Abroad for
Young Teachers by Agricultural University of Hebei, National
Science Foundation Special Project (2013FY111700-5), and
Countries ‘Twelfth-five’ Science and Technology Plan Projects
(2013BAD14B0103).
References
Alba, C.M., Tigier, H.A., Forchetti, S.M.D., 2000. Phenoloxidase of peach (Prunus
persica) endocarp: Its relationship with peroxidases and lignification. Physiol
Plant, 109: 382–387.
Arzani, K., Mansouri-Ardakan, H., Vezvaei, A., Rooban, M.R., 2008.
Morphological variation among Persian walnut (Juglans regia) genotypes
from central Iran. N Z J Crop Hortic Sci, 36: 159–168.
Campbell, M.M., Sederoff, R.R., 1996. Variation in lignin content and
composition mechanisms of control and implications for the genetic
improvement of plants. Plant Physiol, 110: 3–13.
Cao, A.J., Wang, Y.N., Ge, S.L., Yang, A.Z., Xin, Y.J., Hua, B.G., 2009. Changes
of enzyme activity during the depositive process of lignin in peach endocarp.
J Beijing Univ Agric, 24: 5–8. (in Chinese)
Cui, H.Y., Guo, S.P., 2008. Research on impact of some factors on poor
development of thin-skinned nuts. Hebei Fruits, 3: 7–8. (in Chinese)
Li, J., Cheng, Z., Yang, X.L., Li, S., Gu, M., Wan, S.W., Zhang, W.J., Chen, J.K.,
2006. Determination of lignin content in tiny Panax ginseng by UV
spectrophotometry. J Chin Med Mater, 29: 239–241. (in Chinese)
Li, X.B., Zhao, S.G., Wang, H.X., Gao, Y., Zhang, Z.H., 2012. Relationship
between walnut shell structures and the content of lignin and cellulose. Hubei
Agric Sci, 51: 5076–5079. (in Chinese)
Liu, G.Q., Wu, J.C., Tang, C.H., Zhang, L.H., Dai, Q.B., 2008. Relationship
between phenols compounds metabolism and pulp lignification of post harvest
loquat. Chin Agric Sci Bull, 24: 247–251. (in Chinese)
Nakashima, J., Awano, T., Takabe, K., Fujita, M., 1997. Immunocytochemical
localization of phenylalanine ammonia-lyase and cinnamyl alcohol
dehydrogenase in differentiating tracheary elements derived from Zinnia
mesophyl cells. Plant Cell Physiol, 38: 113–123.
Takabe, K., Fujita, M., Harada, H., Saiki, H., 1985. Autoradiographic investigation
of lignification in the cell walls of cryptomeria (Cryptomeria japonicas).
Mokuzai Gakkaishi, 31: 613–619.
Tao, S.T., Zhang, S.L., Qiao, Y.J., Sheng, B.L., 2004. Study on sclereids and
activities of several related enzymes during the development of pear fruit.
J Fruit Sci, 21: 516–520. (in Chinese)
Wang, A.N., Xu, S.B., Liu, X.Y., Wu, L.G., 2008. Study on determination of
content of phenol in kiwifruit by Folin method. Food Sci, 29: 398–401. (in
Chinese)
Wang, B., Zhang, N., Yan, C.C., Jin, Q., Lin, Y., Cai, Y.P., Zhang, J.Y., 2013a.
Bagging for the development of stone cell and metabolism of lignin in Pyrus
bretschneideri ‘Dangshan Suli’. Acta Hortic Sin, 40: 531–539.
Wang, H.X., Gao, Y., Chu, F.C., Zhang, Z.H., Guo, J.C., Zhao, S.G., Lei, L.,
2013b. A new late-fruiting walnut cultivar ‘Zhenzhuxiang’. Acta Hortic Sin,
40: 1002–1003.
Wang, K.T., Tang, L., Li, J., Xing, X.Y., 2012. Effects of MeJA treatment on
endogenous hormone level and enzyme activity related to lignin synthesis
in bamboo shoots (Phyllostachys praecox) during cold storage. China
Vegetables, (2): 48–54. (in Chinese)
Wu, G.L., Liu, Y., Shen, Y.Y., Zhang, D.P., 2005. Study on the tissue anatomy
on the pericarp of Juglans regia L. Chin J Eco Agric, 13: 104–107. (in
Chinese)
Wu, Y.G., Chen, J.Y., 2003. Studies on the biochemical mechanism and
enzymatic browning in Cuiguan pear. Chin Agric Sci Bull, 18: 135–137.
(in Chinese)
Xiao, L., Xu, Y.P., Zhao, X.G., Luo, J.H., 1998. The developmental anatomy
on the pericarp of Juglans regia. Acta Botan Boreali-Occident Sin, 18:
577–580. (in Chinese)
Xiong, S.M., Zuo, X.F., Zhu, Y.Y., 2005. Determination of cellulose,
hemi-cellulose and lignin in rice. Hull Cereal Feed Ind, 34: 40–41. (in
Chinese)
Yang, M., Yu, L.M., Liu, Z.X., Chen, H.G., 2013. Effect of storage temperature
on enzyme activities associated with peel lignification and pulp decay of
mangosteen. Food Sci, 34: 307–311. (in Chinese)
Yin, Y.F., Jiang, X.M., Qu, C., 2004. Dynamic changes of lignin deposition in
secondary xylem cell wall during secondary xylem differentiation in Populus
tomentosa Carr. J Chin Electr Microsc Soc, 23: 663–669. (in Chinese)
Zhao, Sh.G., Wang, H.X., Gao, Y., Chu, F.C., Zhang, Z.H., Guo, J.C., Lei, L.,
2013a. A new precocious walnut cultivar ‘Zanmei’. Acta Hortic Sin, 40:
1207–1208.
Zhao, Sh.G., Zhang, J.G., Zhao, Y.P., Zhang, Y.X., 2013b. New discoveries of
stone cell differentiation in fruitlets of ‘Yali’ pears (Pyrus bretschneideri
Rehd.). J Food Agric Environ, 11: 937–942.
Zhao, Sh.G., Zhao, Y.P., Wang, H.X., Gao, Y., Zhang, Z.H., Feng, D.L., 2011.
Factors affecting nutshell structure of walnut. Scient Silv Sin, 47: 70–75.
(in Chinese)
Zhao, Y.P., Zhao, S.G., Wang, H.X., Zhang, Z.H., Gao, Y., 2007. The relations
between shell structures and kernel qualities of Juglans regia. Scient Silv
Sin, 43: 81–85. (in Chinese)
Zheng, Y.H., Li, S.Y., Xi, Y.F., 2000. Changes of cell wall substances in relation
to flesh woodiness in cold-stored loquat fruits. Acta Phytophysiol Sin, 26:
306–310. (in Chinese)
Zheng, Zh.F., Zou, J.C., Chen, L., Zhang, H.J., Ling, M., 2007. Analysis of
walnut shell lignin by 1H-NMR. J Southwest Forest Coll, 22: 131–133. (in
Chinese)
Zheng, Zh.F., Zou, J.C., Hua, B., Zhang, H.J., Wang, R., 2006. Study on
the constituents of walnut shell. J Southwest Forest Coll, 26: 33–36. (in
Chinese)
146 ZHAO Shugang et al.
